Abstract. Keratins 1 (K1) and 10 (K10) are the predominant cytoskeletal intermediate filaments of epidermal cells during transition from the proliferative to the terminal differentiation stage. In situ, formation of the K1/K10 intermediate filament network occurs in the cytoplasm of cells with a preexisting cytoskeleton composed of keratins 5 and 14. To define cytoskeletal interactions permissive for formation of the K1/K10 filamentous network, active copies of mouse K1 and K10 genes were introduced into fibroblasts (NIH 3T3) which do not normally express these proteins. Transient and stable transfectants, as well as heterokaryons produced by fusions with epithelial cells, were evaluated for expression of K1 and K10 proteins and filament formation using specific antibodies. In contrast to keratin pairs K5/K14 and K8/I"O8, the KI/K10 pair failed to form an extensive keratin filament network on its own, although small isolated dense K1/K10 filament bundles were observed throughout the cytoplasm by EM. K1 and K10 filaments integrated only into the preexisting K5/K14 network upon fusion of the NIH 3T3 (K1/K10) cells with epithelial cells expressing endogenous K5/K14 or with NIH 3T3 cells which were transfected with active copies of the K5 and K14 genes. When combinations of active recombinant gene constructs for keratins 1, 5, 10, and 14 were tested in transient NIH 3T3 transfections, the most intact cytokeratin network observed by immunofluorescence was formed by the K5/K14 pair. The K1/K14 pair was capable of forming a cytoskeletal network, but the network was poorly developed, and usually perinuclear. Transfection of K10 in combination with K5 or K1 resulted in cytoplasmic agglomerates, but not a cytoskeleton. These results suggest that the formation of the suprabasal cytoskeleton in epidermis is dependent on the preexisting basal cell intermediate filament network. Furthermore, restrictions on filament formation appear to be more stringent for K10 than for K1.
by EM. K1 and K10 filaments integrated only into the preexisting K5/K14 network upon fusion of the NIH 3T3 (K1/K10) cells with epithelial cells expressing endogenous K5/K14 or with NIH 3T3 cells which were transfected with active copies of the K5 and K14 genes. When combinations of active recombinant gene constructs for keratins 1, 5, 10, and 14 were tested in transient NIH 3T3 transfections, the most intact cytokeratin network observed by immunofluorescence was formed by the K5/K14 pair. The K1/K14 pair was capable of forming a cytoskeletal network, but the network was poorly developed, and usually perinuclear. Transfection of K10 in combination with K5 or K1 resulted in cytoplasmic agglomerates, but not a cytoskeleton. These results suggest that the formation of the suprabasal cytoskeleton in epidermis is dependent on the preexisting basal cell intermediate filament network. Furthermore, restrictions on filament formation appear to be more stringent for K10 than for K1.
ERATINS are a large family of highly conserved epithelial-specific intermediate filaments. Each epithelium is characterized by a unique pattern of keratin expression (46) . The intraceUular localization of keratin illaments is confined to the cytoplasm, where the filaments copolymerize into an extensive network, encaging the nucleus and spreading towards the plasma membrane (11) .
Based on size, charge, and gene structure, keratins have been divided into subfamilies of type I (acidic) and type II (basic) (8, 9, 40, 45) . For filament formation in vitro, at least one polypeptide from each subgroup is required to form a heteropolymer (9, 17, 39) .
The mechanism(s) that govern filament assembly in vivo are now being unraveled. Microinjection experiments of keratin mRNAs and purified keratin polypeptides demonstrated that a newly synthesized keratin could integrate into the endogenous keratin network of the injected epithelial cells and Tonja Kartosova's present address is Department of Cancer Cell Resc.a~h, Institute of Medical Science, University of Tokyo, Tokyo 108, Japan, that the inter-species differences in keratin sequences did not prevent filament formation (12, 24, 30) .
The structural requirements for filament assembly and interactions between different keratins have been analyzed using cloned keratin genes expressed in transfected cells and transgenic animals (1-4, 7, 14, 25, 27, 48) . When certain keratin genes were introduced into cell lines of nonepithelial origin, an extensive filament network could develop even if the cells lacked an endogenous keratin network (3, 7, 27) . Similar studies in epithelial cells, showed that exogenous keratins were able to integrate into a preexisting keratin network (1, 25) . Moreover, certain keratin mutants disrupted the endogenous keratin network in vitro (1) and caused remarkable changes in the architecture of the skin in transgenie mice (47) .
In interfollicular epidermis, four major keratins (K) t are synthesized and form filaments copolymerizing in pairs: K5/K14 and K1/KI0. The expression of these two pairs is strictly regulated during normal keratinocyte differentiation (33, 35, 36, 44) . Thus, proliferating basal cells express a K5/K14 pair, and the transition to terminal differentiation and the cessation of cell division coincide with the appearante of a K1/K10 pair (33) . Abnormal differentiation of skin in benign and malignant tumors correlates well with an aberrant expression of the differentiation-specific K1/K10 pair (35, 49) . A delayed onset of terminal differentiation in benign skin tumors is reflected by a delay in the api~.aranee of the K1/K10 pair. After conversion to malignancy, the K1/K10 pair is either absent or expressed in isolated cell foci (35, 36) . This loss of K1/K10 is considered to be an early marker of malignant conversion.
The purpose of this study was to analyze the cooperation between keratins 1 and 10 and other keratins in the formation of a cytoskeletal network in epithelial and nonepithelial cells and in particular to explore the requirements for the formation of the K1/K10 filament network.
Materials and Methods

Cell Lines
NIH 3T3 fibroblasts were cultured in DME supplemented with 10% newborn calf serum. NIH 3I"3 (K1/K10) cell lines were isolated after transfection of mouse K1 and KI0 constructs along with the plasmid carrying the selectable neomycin-resistance marker into NIH 3T3 fibroblasts in a 10:10:1 ratio, respectively. NIH 3"1"3 (K5/KI4) cell lines were isolated after transfection of human K5 and K14 constructs along with the plasmid carrying the selectable hygromycin-resistance marker into NIH 3"1"3 fibroblasts in a 10:10:1 ratio, respectively.
The keratinocyte cell line 308 was established from Balb/e mouse skin initiated with 7,12-dimethylbenz[a]anthracene in vivo (50) . The SLC-1 cell line was derived from a focus which arose spontaneously in newborn keratinocytes grown in vitro in 0.05 mM calcium for an extended period. The 308 cells form benign papillomas and SLC-1 cells form carcinomas when grafted onto the backs of nude mice. The 308 and SLC-1 cell lines were cultured in EMEM containing 8% chelexed (19) FCS. The concentration of calcium in the medium was 0.05 raM.
Construction of Chimeric Keratin Genes
Full length genomic and eDNA copies of the mouse Yd gene were constructed in several assembly steps using overlapping clones (see Fig. 1 ) (43), (genomic K1 sequence is unpublished). All but 73 nucleotides upstream from the A'fG initiation codon were removed by Bal31 exonuclease digestion and ligated to a HindIII linker. In the Y-noncoding region a BamHI site was converted into a SstI site. The whole K1 genomic sequence including the polyA signal was ligated to HindIll-SstI digested pGEM7.
To create a eDNA version of the mouse K1 gene, the central part of the genomic K1 sequence between the HincH and BamHI sites was substituted by the sequences of two eDNA clones: p3.2 and I>4.2 (43) . At the T-end 270 nncleotides were left beyond the TAA stop codon, marked by the BgllI site. The SV-40 splicing and polyA (4709-4100nt and 2700-2533nt, respectively, on the SV-40 map) signals were cloned 3' to the K1 eDNA sequence.
A complete mouse KI0 eDNA copy was reconstructed from the two eDNA clones: p8-37 and p4-35 (42) (see Fig. 1 ). The sequence of the 5' noncoding region was removed by Bai31 exonuclease digestion, leaving four nucleotides upstream to the ATG initiation codon which were then joined to the pGEM7 polylinker sequence via a HindlH linker, At the 3' noncoding region 85 nncleotides were left downstream from the TAA stop codon and joined to the SV-40 splicing and polyA signals via an SstI linker. The endsequences of all deletions were confirmed by sequencing, using the didcoxy method (38) . The sequence fidelity of the K10 gene was confirmed by sequencing over the restriction sites which were used during the construction of the complete coding region of the KI0 gene.
In the polylinker sequence of the KI and K10 constructs just upstream to the ATG initiation eodon, three different promoters were introduced: an SV-40 early promoter (HindHI-PvuII fragment) (31), a human cytomegalovirus IEI gene (CMV) promoter (Sau3A-Sau3A fragment) (18) and mouse metallothionein-I (MT-I) promoter (EcoRI-HindlH) (6) . Plasmids pHCMV and p8MT-CAT, carrying the CMV and MT-I promoters were obtained from Drs. L. G. Hannighausen and D. H. Hamer (National Institutes of Health, Bethesda, MD).
Chimeric constructs of human K5 and K14 genes, pJ2GK5-1 and IdK14, were obtained from Dr. Elaine Fnchs (University of Chicago, Chicago, IL) (14, 26) .
Introduction of the I0, K1r KS, and K14 Constructs into Cells by Transfection
Chimeric keratin constructs were transfected into NIH 3T3 fibroblasts via the calcium phosphate precipitation procedure followed by a 25 % DMSO shock (15) . Typically, 10 #g ofplasmid DNA was used to transfect 1 • 106 cells (6-cm dish). K1 and K10 chimeric constructs carrying different promoters, CMV, SV-40, MT-I, were used in transient transfections. For the selection of stable transfectants, a pSV2neo plasmid or a pSV2hygro plasmid was mixed with the chimeric keratin constructs in a 1:10 ratio. Selection was in a standard medium supplemented with G418 (200 /~g/ml) or hygromycin (100/zg/ml). Individual clones were isolated by ring cloning and cultured in the continuous presence of the selective medium.
Cell Fusion
Fusions between epithelial cells and fibroblasts were performed on 60-ram culture dishes using polyethylene glycol (37) . 1 • 106 SLC-1 or 308 cells were plated 20 h before fusion. 1 x 106 NIH 3T3 (K1/K10) fibroblasts were plated 4 h before fusion over the epithelial cells. The cells were washed with PBS and incubated for 2 min in a serum-free medium containing 50% polyethylene glycol (MW 1000), washed three times with DME and 10% newborn serum and incubated for 16 h before fixation. For fusion between the two different flbroblast lines, NIH 31"3 (K1/K10) and NIH 31"3 (K5/KI4), 1 • 106 cells of each type, were plated together 4 h before fusion and further treated as described above. In some experiments a parental cell line was marked by BrdU labeling using 10 ~M BrdU in medium for 48 h. Under these conditions, >95% of the nuclei became BrdU positive. In some studies cycloheximide was added to the cells immediately after fusion at 5 ~g per ml medium. At this concentration, the protein synthesis was inhibited by 95-98% as judged by [35S]methionine incorporation into the total cellular protein 3 h after the treatment (not shown). The eyelobeximide treatment was for 16 h.
Antisera, Immunofluorescence, and EM
Cells were washed twice with PBS, fixed with methanol/acetone (1:1), and processed directly for immunofluorescence or kept dry at -20oc. Removal of proteins not organized into a cytoskeleton was done on living cells by a brief wash with 0.6 mM KCI/1% Ti'iton X-100 and subsequent fixation with methanol/acetone (1:1). Monospecific antisera to mouse K1, K5, KIO, and K14 from rabbits (anti-K1, K5, KaO) or guinea pigs (anti-K1 and K14) have been described previously (34) . Antisera to mouse K5 and K14 cross react with human K5 and K14. Keratin antibodies were used at a 1:500 dilution in PBS containing 12.5 % BSA. BrdU incorporated into DNA was detected by a mouse monoclonai antiserum to BrdU (Becton Dickinson, San Jose, CA). Vimentin was detected by a polyclonal goat antiserum (ICN ImmunoBiologicals, Lisle, IL). BrdU-and vimenfin-speciflc antibodies were used at dilutions recommended by the manufacturer.
To visualize the primary antibodies, the following fluorescently labeled secondary antibodies and chemicals were used: HTC-conjugated swine anti-rabbit (Dakopatts, Denmark); biotinylated goat anti-guinea pig (Vector Labs, Inc., Burlingame, CA); Texas Red-conjugated streptavidin (BRL, Gaithersburg, MD); Texas Red-conjugated horse anti-mouse (Vector Labs, Inc., Burtingame, CA); rhodamine-conjngated rabbit anti-guat IgG (H + L) (ICN ImmunoBiologicals, Lisle, IL). The staining with BrdU-specific antibodies was done according to the protocol provided by the manufacturer. Secondary antibodies and streptavidin were used at dilutions specified by manufacturers. Control samples, stained with secondary antibodies only, did not reveal specific immunostaining.
For EM, stable transfected cell lines were grown on 60-mm plastic culture dishes. They were washed several times in PBS, flooded with halfstrength Karnovsky fixative (Karnovsky, M. J., 1965. J. Cell Biol. 27:137[abstr.l) and sealed for shipping to Seattle. Upon arrival, they were washed again, and fresh Karnovsky fixative was added for 1-2 h followed by postfixation in 1% OsO4 in distilled water for 2 h at room temperature. The cultures were again washed then carried through a graded series of alcohols into 100% ethanol. Epon 812 was prepared in 25, 50 and 100% concentrations in alcohol and added to the dishes in sequence. FUll strength Epon was added to the ceils and allowed to polymerize overnight. The disks of plastic-embedded cells were removed from the dishes and examined under a dissecting microscope to select at least 10 sample regions of the culture that were cut out of the disk and mounted on aluminum stubs for semithin and thin sectioning. The semi-thin sections were stained with toluidine blue and examined at the light microscopic level to assure that the sample contained an adequate number of cells for study. Thin sections were cut, stained with saturated uranyl acetate and Roynold's lead citrate (32) and examined in a Phillips 420 S(T)EM operated in the transmission mode at 60 kV. At least 500 cells were scanned in each thin section.
Protein Gel Electrophoresis and Blotting
Cytoskeletal proteins were extracted according to Steinert (41) , separated by PAGE, transferred to nitrocellulose paper and assayed for the presence of keratins, using specific antisera, alkaline phosphatase-linked second antibodies and an alkaline phosphatase color reaction (Bio-Rad Labs, Richmond, CA).
Northern Blot Analysis
Total RNA was isolated by ultracentrifugation of guanidine isothiocyanate lysates through a 5.7-M cesium chloride gradient (28) . 20 #g of total RNA was loaded per lane and separated by 1% agarose/formaldehyde gel electrophoresis, transferred to nitrocellulose paper and hybridized to specific fragments of keratin genes that were 32P-labeled by nick translation (3-5 • 10 ~ cpm/ml) (28) . A 600-bp BamHI-Sstl fragment of the K1 gene (43) and a 560-bp BgUI-SstI fragment of the K10 gene (42) were isolated from the specific keratin constructs. A 430-bp fragment of the K5 gene (starting from amino acid 525 in reference 26) and a 400-bp fragment of the KI4 gene (nucleotides 4,304-4,710 in reference 29) were generated by standard polymerase chain reaction (PCR) using specific 30-mers as primers (20) . Nicktranslated pUC18 vector carrying glyceraldehyde phosphate dehydrogenase (GAPDH) eDNA (10) was used as a control for RNA loading.
Results
Expression of the Keratin 1/10 Pair in NIH 3T3 Fibroblasts Did Not Result in Formation of a Filament Network
Complete copies of mouse K1 and K10 genes were constructed from overlapping genomic and cDNA sequences and cloned downstream to three heterologous enhancer/promoter elements (Fig. 1) . Subsequently, the K1 and K10 constructs were introduced separately or in a 1:1 ratio into NIH 3"1"3 cells by standard calcium phosphate precipitation. The level of keratin expression and the ability of K1 and K10 to form filaments were analyzed by indirect immunofluorescence in transient (24-48 h after transfection) as well as in stable transfectants isolated after selection of neomycinresistant clones.
In transient transfectants when introduced separately, K1 and K10 accumulated in agglomerates throughout the cytoplasm and often in the perinuclear region. Surprisingly, in cotransfections no visible filament network was detected by immunocytochemistry, and the keratins agglomerated as in the single transfection experiments. Because of technical limits with regard to transient transfection frequency, the nature of the agglomerates was addressed only in the case of NIH 3"1"3 cells stably transfected with a K1/K10 pair (see results of electron microscopy below). Rarely, short linear filament fragments were detected in both stable and transient transfectants. Similar results were obtained with all three promoter constructs and several different methods of fixation. To obtain stable transfectants, NIH 3"1"3 cells were cotransfected with K1/K10 plasmids carrying either MT-I or SV-40 promoters. K1/K10 positive stable clones were detected only with the MT-I constructs. A cell line, NIH 3T3 (K1/K10), derived from the transfection of the KI genomic and the K10 cDNA constructs, both under control of the MT-I promoter, was studied in greater detail. In this cell line, K1 and K10 could be detected by indirect immunofluorescence even in the absence of inducing ions (Fig. 2, A and B) . Treatment with ZnCI: only slightly increased the K1/K10 expression and did not lead to any visible keratin filamentous network. Double immunostaining indicated that K1 and K10 were colocalized to the same cytoplasmic agglomerates (Fig. 2, C and D) and that all cells positive for K10 were also positive for K1, although some cells were positive only for K1 (the filamentous staining in Fig. 2 D is nonspecific background staining with the guinea pig antiserum). The absence of K10 in some K1 positive cells might be due to a masking of the K10 epitope in these agglomerates. The K1 positive staining was not detected in every cell of this line, a finding consistent with previous reports of heterogeneous expression of other keratin pairs in cloned transfectants (3, 25) . When NIH 3T3 (K1/K10) were incubated for 24 h with 10 #M BrdU, the K1 and K10 proteins accumulated preferentially in cells with BrdU-negative nuclei (Fig. 2, Eand F) . This suggested that the large K1/K10 agglomerates might interfere with a normal cell cycle or that only noncycling cells overproduced K1/K10. Consistent with the second hypothesis, incubation for 2 d in a serum-free medium led to reduction in BrdU labeling and promoted an increase in the number of cells positive for K1 and K10 (not shown).
Costaining studies indicated that the K1/K10 agglomerates did not disturb the cytoskeletal network of actin. Interestingly, a high salt/detergent wash revealed a nesting of the keratin aggregates in the endogenous vimentin network (Fig. 2 , G and H). The short linear K1/K10 positive fragments seemed to be closely associated with the vimentin fibers and to resemble their pattern (not shown).
The expression of K1 and K10 in this NIH 3T3 (KI/K10) clone was analyzed further by Northern and Western blots (Fig. 3) . The Northern blot showed the presence of full length transcripts (2.4 kb for K1 and 2.8 kb for K10) for the transfected plasmids, as well as shorter K1 and K10 specific transcripts (Fig. 3 A) , possibly resulting from multiple sites of integration. Reprobing the blots with GAPDH plasmid indicated that the RNA was not degraded. Analysis of the cytoskeletal extracts by Western blot using K1 and K10 specific antibodies revealed protein bands of 67 and 59 kD that comigrated with the control K1 and K10 bands, respectively, of mouse newborn epidermal extract (Fig. 3 B) .
To determine whether the parental NIH 3T3 cell line was permissive for any keratin network formation, transfections were performed with the human K5/K14 keratin pair. In contrast to the K1/K10 pair, the K5/K14 pair very often formed an extensive filament network in the cytoplasm of both transient and stable transfectants as indicated by indirect immunofluorescence (Fig. 2, I and J). Short rods were also frequently observed. Whether the K5/K14 network formed independently from the vimentin network was not clear, since there was some cross-reactivity of the rabbit antivimentin secondary antibody with swine secondary antibody in double-stained cells. The expression of the KS/K14 pair in one of the clones, NIH 3T3 (K5/K14), was characterized further by Northern and Western blots (Fig. 3) . The K5 and K14 RNAs were of predictable sizes: 2.2 and 1.6 kb, (13) respectively (Fig. 3 A) . The protein bands of 56 and 50 kD detected by specific antibodies eomigrated with the K5 and K14 proteins from cultured human keratinoeytes (Fig. 3 B) . The expression of K5 and K14 mRNA was comparable with the level of expression of the KI/K10 pair in the analogous NIH 3T3 (K1/K10) clone (Fig. 3) . The amount of the synthesized K5 and K14 proteins in stable cell lines was higher than that of K1 and K10, as judged by Western blot and indirect immunofluorescence (Figs. 2 and 3) .
Stable cloned NIH 3T3 ceils expressing KI/K10 or K5/K14 were further evaluated by EM. The majority of cells did not appear to express the transfected keratin genes. However, in both the K1/K10 and K5/K14 cultures, numerous cells contained intermediate filaments which were morphologically distinguished from vimentin (Fig. 4) . These filaments were assembled in multiple peripheral and perinuclear regions throughout the cytoplasm. The filament bundles in K1/K10 ceils appeared to be larger and more densely stained (Fig.  4 , A and B) as compared with those in K5/K14 ceils (Fig.  4, C and D) . Thus, the agglomerates detected by indirect immunofluorescence in NIH 3T3 (K1/K10) consisted of short filament bundles. The K5/K14 filament bundles were fine, more reminiscent of filament bundles in basal keratinocytes. If compared with the native keratin network in epithelial cells, the K5/K14 network in NIH 3T3 ceils appeared to be more convoluted than extended. This could be due to the lack of a proper anchoring point (through desmosomes) or to an unusual orientation of keratin fibers in fibroblasts.
Fusion between NIH 3T3 (Kl/KlO) and Two Epithelial Cell Lines, 308 Papilloma and SLC-1 Carcinoma Cells, Leads to Formation of a KI/KIO Filament Network in Heterokaryons
To determine whether the formation of the K1/K10 filament network in NIH 3T3 fibroblasts could be facilitated by addition of components normally absent in these cells, cell-ceU hybrids were generated between the NIH 3T3 (K1/K10) line and papilloma (308) and carcinoma (SLC-1) cells. The SLC-1 line does not express K1/K10 in vitro or in vivo (our own unpublished observation), whereas the 308 ceils express these keratins in vivo in the benign tumors which form upon grafting but not in the cultured cells (16) . The endogenous filament network of both cell lines consists of at least two keratin pairs: K5/K14 and K6/K16. The ability of the K1 and K10 proteins to integrate into the preexisting network contributed by the epithelial donor was analyzed by indirect immuno- fluorescence. 6-16 h after fusion, a network containing K1 and K10 filaments could be detected in heterokaryons and colocalized to the endogenous keratin network (Fig. 5, A , B, G, and H) as well as to each other (Fig. 5, C-F) . A much larger number of cells contained K1 filaments than K10 filaments. In general, 308 papilloma cells were more permissive for K1 and K10 filament formation than SLC-1 carcinoma cells in which the keratin bundles were also very fine and diffuse. Control fusions of only SLC-1 or 308 cells with themselves or between NIH 3T3 (K1/K10) and primary fibroblasts did not lead to any detectable K1 or K10 filament formation.
To determine if a K1 filament network could be formed from the preexisting agglomerates, cells were treated with cycloheximide to prevent accumulation of newly synthesized keratins directly after fusion and fixed 16 h later (Fig. 5, I and J). After this treatment, the K1 agglomerates were readily detectable in unfused fibroblasts (noted by BrdU-negative nuclei), whereas in heterokaryons, the K1 protein formed a filament network integrating into the endogenous scaffold derived from either 308 or SLC-1 cells (noted by BrdUlabeled nuclei).
Fusion between NIH 3T3 (K1/KIO) and NIH 313 (K5/K14) Demonstrates That Preexisting K5/K14 Filaments Are Su~cient to Produce a K1/KIO Network
To determine if the K5/K14 network alone was sufficient to induce the K1/K10 filament network to form in NIH 3T3 fibroblasts, a fusion was performed between two NIH 3T3 cell lines: one expressing the K1/K10 pair as agglomerates and the other expressing the K5/K14 pair. 16 h after fusion, K1 and K10 were integrated into the K5/K14 network in heterokaryons as detected by immunocytochemistry (Fig. 6) . Again, as in the case of fusions with epithelial cells, KI filaments were readily detectable (Fig. 6, A and B) , whereas K10 filaments were rare and not as extended as K1 filaments (Fig. 6, C and D) . K1 agglomerates were not visible in heterokaryons with K1 filament networks.
Transfections of Recombinant Keratin Constructs into NIH 313 (K1/KIO), NIH 3T3 (KS/KI4), or NIH 313 Indicate Differences in Filament Compatibility for K1 and KIO
To evaluate filament compatibility of keratins from the K5/K14 and K1/K10 pairs, three different sets of transfections were performed. First, NIH 3T3 (K1/K10) cells were used as recipients for transfections of the K5 and K14 constructs. When K14 was transfected alone, a few cells developed cytoskeletal filaments which contained both K1 and K14. However, this network was often fragmented and the K1 staining was very weak (Fig. 7, O and P) . The K1/K14 network was far inferior to that of the K5/K14 network in NIH 3T3 (K5/K14). No K10/K14 positive filaments were detected. In Most K14 positive cells, KI4 was detected in agglomerates. The KI4 agglomerates were positive for K1 but not for K10. Transfection of K5 alone produced K5 agglomerates but no detectable filament network. The K5 positive agglomerates were negative for K1, but costaining for K10 could not be evaluated due to the lack of antibodies from another species. In K1/KI0 cells transfected with the K5/K14 pair, the filament network showed costaining with different sets of antibodies: all ceils positive for a K14 network stained positive for K5, some cells positive for a K1 network stained also for K5 (Fig. 7, C and D) and K14, and none of the cells stained positive for networks with K10 and K14. The K14 agglomerates stained only rarely positive for K1.
Reciprocal transfections of NIH 3T3 (K5/K14) with the K1 and K10 constructs were also performed. K1 transfected alone integrated into a network with K5/K14 (Fig. 7, A and  B) . The filaments positive for K1 costained also with K14 and K5 antibodies. However when the K10 construct was transfected alone, the presence of the K10 protein almost always led to the collapse of the endogenous K5/K14 network (Fig. 7, M and N) . K10 and K14 appeared often to collapse independently without intermixing: K14 formed agglomerates in close approximation to the nucleus while K10 was detected throughout the cytoplasm. Only rarely was a fragmented network positive for K10 and K14. Introduction of two keratins, K1 and K10, produced a collapse of the K5/K14 keratin network in NIH 3T3 (K5/K14) cells (Fig. 7, G and  H) . Still, in few cells some filaments were observed which costained for K1/K5 (Fig. 7 , E and F) and K1/K14 (not shown). Cells containing K1 filaments were always K10 negative. As a result of the keratin collapse, K14 and K5 were found in perinuclear agglomerates, whereas K1 and K10 were accumulating as agglomerates throughout the cytoplasm.
Finally, transfections of the NIH 3T3 cells with "unnatural" pairs, K1/K14 and K5/K10 were conducted. These two combinations did not lead to formation of an extensive network. In the case of the K1/K14 pair, fragmented filaments or filamentous perinuclear circles were occasionally detected (Fig. 7, K and L) . The K5/K10 pair only formed large cytoplasmic agglomerates (Fig. 7, I and J).
Discussion
A main goal of this study was to define cytoskeletal interactions permissive for filament assembly of two differentiationspecific keratins, K1 and K10, which are induced during the transition from the proliferative stage to terminal differentiation in epidermis. In vitro assembly experiments have shown that all type I keratins could complex with all type II keratins and form IF filaments (17) . This appeared to be valid also for K1 (Type II) and K10 (Type I): in vitro purified K1 and K10 polypeptides were able to form filaments upon mixing in a 1:1 ratio (17, 39). However, as noted by Eichner et al. (9) , the 10-nm filaments composed of K5/K14 pair showed little tendency toward filament-filament interactions, whereas filaments enriched in the K1/K10 pair had a marked propensity to form dense filament tangles. In vivo, certain keratin pairs, such as K8/K18, KS/K19, K8/K14, K6/K14, were shown to assemble into an extensive network in NIH 3T3 and other mesenchymal cell lines (3, 4, 7, 14, 25, 27) . In NIH 3T3 cells expressing the K8/K18 pair, an organization of the keratin network was indistinguishable from the native epithelial IF cytoskeleton (27) .
K1/KIO Requirements for Filament Formation
Our results show that unlike other keratin pairs, the K1/K10 pair is unable to form an independent intracellular network, but requires instead a preexisting keratin scaffold. When introduced into nonepithelial cells, such as NIH 3T3 fibroblasts, which carry an intermediate filament network of a different type (i.e., vimentin), the K1 and K10 proteins were unable to assemble into an extensive network. Instead, agglomerates and, very rarely, short rods accumulated throughout the cytoplasm, often around the nucleus. By double immunofluorescence of cytoskeletal ghosts of NIH 3T3 (K1/K10) cells, these agglomerates appeared to reside on the vimentin scaffold. The short linear fragments seemed to be closely associated with the vimentin fibers and to mimic their pattern. However, our studies could not determine whether vimentin was actually participating in the formation of agglomerates or linear fragments. After transfection, keratins will copolymerize both to the exclusion of vimentin (K8/K18 pair) (3) and to the inclusion of keratins and vimentin in agglomerates (K18 in Cos-1 cells) (4) . Association ofa vimentin and keratin network has also been observed in cultured simple epithelial cells (23) .
Several observations showed that the failure of K1 and K10 to form an extensive filament network on their own was not due to the specific K1 and K10 constructs used or the NIH 3T3 cell line. The size of the K1 and K10 proteins synthesized in NIH 3T3 cells was identical to K1 and K10 from newborn mouse epidermis. However, the presence of truncated K1 and K10 proteins, which potentially could have interfered with the filament extension, as well as modifications (e.g., phosphorylation) of the K1 and K10 proteins which would not change the mobility on the SDS-PAGE, cannot be excluded. When the K1 and K10 constructs were transfected into two different epithelial cell lines, 308 and Cos-l, both KI and K10 were able to integrate into the preexisting network of cells of epidermal and simple epithelial origins (22 and data not shown), By EM the K1/K10 expressing NIH 3T3 ceils were shown to contain dense filament bundles, suggesting that K1 and K10 were able to assemble into filaments in the environment of NIH 3T3 ceils although they could not produce a cytoskeletal network. The NIH 3T3 cell line used in the present study was permissive for formation of the cytokeratin network in transient and stable transfectants when the K5/K14 pair was expressed. Finally, fusion and transfection experiments strongly suggested that the K1 and K10 synthesized in NIH 3T3 cells were not "defective" and that they could be recruited into filament network formation under certain conditions. However, it must be emphasized that even under the best conditions of keratin expression, the filament network in NIH 3T3 cells is never as extensive as either the native network in epithelial cells or the network which forms when these same DNA constructs are transfected into epithelial cells (22) . Thus, other factors which contribute to filament network formation must be absent from NIH 3T3 cells or the NIH 3T3 cells contain factors detrimental to cytokeratin network development.
Fusions between NIH 3"I"3 (K1/K10) and two epithelial cell lines led to the appearance of the K1 and K10 filament network which was closely colocalized to the endogenous keratin network of the epithelial donor. Moreover, fusions between two fibroblast cell lines expressing two different keratin pairs, K1/K10 and K5/K14, showed that there was no specific requirement for an epithelial background for the formation of the K1/K10 filament network; the K1/Kt0 filament network could be "rescued" in NIH 3T3 fibroblasts by the K5/K14 network. The fusion experiments also suggested that the K1/K10 agglomerates could be reused for filament formation: the agglomerates were frequently absent in heterokaryons. However, it is possible that K1 filament network formation developed from newly synthesized K1 in heterokaryons which were negative for K1 agglomerates. This seems unlikely since inhibition of protein synthesis with cycloheximide directly after the fusion did not prevent the appearance of the K1 filaments and was often associated with the absence of the K1 agglomerates. In unfused fibroblasts, the K1 agglomerates were clearly visible 16 h after cycloheximide treatment. This indicated that the K1/K10 agglomerates were stable, at least in NIH 3"1"3 (K1/K10) cells, and that the absence of the agglomerates in heterokaryons might not be due to the rapid turnover of these structures, but rather to their recruitment into the keratin network.
In Vivo Preference for Filament Formation among Four Different Keratins: KI, KS, KIO, and KI4
In vitro assembly studies with purified polypeptides of K1, K5, K10, and K14 showed that the combination of K5 and K10 formed a filament complex as stable as that of the native KS/K14 pair (17) . The combination of K1 and K14 was less stable than K5 and K14 but similar to K1 and K10. Experiments with NH2-and COOH-terminal KI4 mutants have demonstrated differences between in vitro assembly and in vivo filament formation for some of the mutants. Despite the ability of these mutants to form filaments in vitro, they often perturbed keratin filament formation in vivo (5) . Transfection of K7, K8, K19, and K14 into NIH 3T3 cells has indicated that naturally coexpressed keratin pair makes the bestformed higher order filament network (27) . Thus, with K7 and K8, K18 is superior to K19, which is better than the keratinocyte K14. From the immunofluorescence pattern it appeared that the network of mismatched keratins is less stable in a living cell (27) . Therefore, it was of interest to see whether there was any correlation between the in vitro assembly studies and the in vivo filament formation of K1, KS, K10, and K14.
Transient transfecfion experiments were performed, using three different fibroblast cell lines: NIH 31"3, NIH 3T3 (K1/K10), and NIH 3"1"3 (KS/K14), and various combinations of keratins 1, 5, 10, and 14. Coulombe et al. (5) have questioned the validity of expressing keratins in cells that do not have keratin-associated structures, (e.g., desmosomes) since factors which might be important for filament assembly could be missing in nonepithelial cells as well as a proper anchoring of the keratin network might not occur. Nevertheless, in a nonepithelial environment the differences between keratin pairs could be analyzed without the interference of the endogenous keratin network. In combination of two keratins, the only pair of keratins which successfully formed an extensive network by immunofluorescence detection was K5/K14. The K1/K14 pair formed at most filamentous perinuclear circles. The combinations of the K5/K10 and K1/K10 pairs resulted in cytoplasmic agglomerates without detectable filament network formation by immunocytochemical detection. Our methods cannot exclude the possibility that K5/K14 were expressed to higher concentrations in NIH 3"1"3 transfectants and this is responsible for the formation of a more extensive network (see Fig. 3 ). However, in transient transfection experiments, high levels of both K1/K10 and K5/K14 proteins were detected in single cells without altering the relative competence for filament network formation for each pair.
In combination of three keratins, the most successful was the combination of the K5/K14 network and the transiently transfected K1. The K1 filaments were costained for either K5 or K14. Costaining with K1 and K5 indicated that K1 and K5 could coexist in the same network after the integration of K1. This can be relevant to the in vivo situation when during transition of the basal cells to terminal differentiation, the K1 protein is induced first and integrates into the K5/K14 network (36) . When K14 cDNA was transfected into the K1/K10 cells, K1 was detected in a filament network which did not contain detectable K10. This suggests a possible exclusion of K10 from filament formation or alternatively a masking of the K10 epitopes. Introduction of K5 into K1/K10 ceils did not result in a filament network. From this result as from transfection of the K5/K10 pair, it could be concluded that the K5/K10 pair resembles the K1/K10 pair in its lack of potential to from an extensive network in NIH 3"1"3. The presence of the transfected K10 in most of the cases interfered with the endogenous network of K5/K14 in NIH 3T3 (K5/K14). Remarkably, K10 and K14 usually collapsed independently without intermixing: K14 in close approximation to the nucleus and K10 throughout the cytoplasm. The fate of K5 was difficult to assess due to the lack of antibodies prepared in a second species.
A combination of 4 keratins produced through the introduction of the K1/K10 pair into NIH 3"1"3 (K5/K14) or of the K5/K14 pair into NIH 3T3 (K1/K10) gave similar results. The filament network was observed rarely, and when found, it was positive for K1/K5 and K1/K14, but K10 negative. These results are consistent with in vitro assembly studies which indicated that the stability of the K5/K14 pair was higher than the stability of the K1/K10 pair, which was equal to the K1/K14 pair (17) . This suggests that the K5/K14 pair could potentially compete K1 from the K1/K10 agglomerates into the filament network. Conclusively, K1 seems to be acceptable as a third partner for the K5/K14 pair, whereas K10 is not. The presence of K10 had a negative effect on the integrity of the K5/K14 network, at least in NIH 3T3 cells and led to its disintegration. It is possible that for a successful K10 integration some sort of "pre-conditioning" of the K5/K14 network by K1 is necessary. This could explain the temporal sequence of keratin expression during epidermal differentiation in vivo, where the appearance of K1 in postmitotic basal cells and its integration into the K5/K14 network precedes the expression of K10.
